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Abstract 
Utilizing the silicon as substrate, ZnO nanostructures with various morphologies, including nanorod, nanotube, 
nanoinjector and nanoplate, were synthesized by thermal chemical vapor deposition without catalysts. The control on the 
morphology of nanostructures was achieved by forming a temperature gradient in the tube furnace and controlling the 
oxygen partial pressure in the reaction system. The as-synthesized nanostructures were characterized by x-ray 
diffraction, scanning electron microscopy and transmission electron microscopy. Moreover, merged ZnO nanoplates 
were prepared at proper conditions, which are expected to be merged further and eventually grown into a ZnO single-
crystalline film with high quality.  
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1. Introduction  
Since the first discovery of carbon nanotubes, one-dimensional nanometer-sized semiconductor materials 
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such as nanowires have attracted extensive interest due to their great potential for the fundamental studies 
about the roles of dimensionality and size on their physical properties as well as for their application to 
optoelectronic nanodevices [1-6]. Among various semiconductor materials, zinc oxide (ZnO) with a direct 
band gap of 3.37 eV and a large exciton binding energy of 60 meV provides potential applications in 
nanoscaled optoelectronic device, such as laser diodes and ultraviolet sensors [7]. Various synthesis methods 
and nanostructure morphologies have been reported, including Nanobelts, nanowires, tetrapod 
nanostructures [8-10]. However, the controllable synthesis and the deep understanding of growth mechanism 
of these nanostructures has not been achieved yet. Moreover, the preparation of ZnO nanostructures with 
complicated morphology are also needed to meet the requirements for advanced optical and electronic 
devices. 
In the present work, ZnO nanostructures with complex morphology, including nanorod, nanotube, 
nanoinjector and nanoplate, were synthesized by providing a temperature gradient between Zn powders and 
substrate in a tube furnace together with the change of oxygen partial pressure in the reaction system. And 
the growth mechanism of all these nanostructures was discussed in detail. 
 
2. Experimental 
The growth was performed in two horizontal tube furnaces with and without temperature gradient, which 
was made by controlling the density of heaters as shown in Figs. 1(a) and 1(b). Quartz boats loaded with Zn 
powders (purity: 99.99%) and p-type Si substrates were introduced into the tube furnaces. The distance 
between Si substrate and Zn powders was around 5 mm. In furnace (a), another Si substrate was also put on 
the quartz boat, 5 cm away from Zn powders where the temperature is lower to investigate the effect of 
temperature on the morphology of ZnO nanostructures. Then, the temperatures near Zn powders were raised 
to 480°C at a rate of 15°C/min in furnaces (a) and (b). At this time, the temperature of substrate A and 
substrate B in furnace (a) was 430°C and 480°C, respectively. Afterwards, oxygen and Ar gases were 
introduced into the chamber as reactant and carrier gases, respectively. The reaction was maintained for 1 h. 
During the reaction, the pressure in the tube furnace was keep at 20 Pa. In furnace (a) the flow of oxygen 
was kept to be constant at 10 sccm during the reaction, while it was varied in furnace (b) to synthesize 
nanostructures with complex morphology aimed at the application to advanced optoelectronic devices. The 
crystal structure of the as-prepared samples was analyzed by x-ray diffraction (XRD). The morphologies of 
samples were characterized by scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM). 
 
                                      
 
 
                                          
 
 
 
 
Fig. 1. Schematic diagrams of thermal chemical vapor deposition system (a) with and (b) without temperature gradient 
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3. Results and discussion 
Analysis on the XRD patterns (not shown) of the synthesized samples reveals that all the deposited 
nanostructures on Si substrate are wurtzite ZnO. The morphologies of these nanostructures were measured 
by SEM, shown in Figure 2. Fig. 2(a) and (c) are the SEM images of nanostructures synthesized on 
substrates A (low temperature) and B (high temperature) in furnace (a), respectively. And Fig. 2(b) are the 
high magnification of (a). It can be seen that curved nanostructures was grown on substrate A densely and 
uniformly, with a diameter of 180 - 350 nm. High-magnification SEM image of it [Fig. 2(b)] shows that 
some of the nanostructures (marked by arrows) are brokenˈfrom which it is noticed that the nanostructures 
deposited on substrate A have a tubular structure. TEM was additionally employed to investigate the 
unbroken part for further investigation of the microstructure. From the TEM image [Fig. 2(d)], we can see 
clearly that the whole nanostructure is tubular, not only the broken port. The selected area electron 
diffraction pattern, shown as the inset of Fig. 2(d), reveals that the synthesized nanotube is single-crystalline 
ZnO and that no metallic Zn phase is found, which is consistent with XRD results. Due to the tubular 
structure, ZnO nanotube has great potential for fundamental studies and for applications in catalyst, 
intramolecular absorption, storage and release system, etc.[11-14]. The SEM image in Fig. 2(c) indicates that 
the sample prepared at higher temperature has the morphology of nanorod. 
   
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. (a) low- and (b) high-magnification SEM images of nanotube, (c) SEM image of nanorod, and (d) TEM image of nanotube; inset 
is the corresponding selected-area electron diffraction pattern. 
 
Since no catalyst was used in this study, the growth was different from traditional vapor-liquid-solid 
mechanism where noble metal is needed as catalyst [15-17]. The growth of nanotube in our study has been 
proposed to be a process composed of the solidification of liquid droplets, surface oxidation and sublimation 
as below. Zn powders are evaporated and carried downstream to the substrate by the Ar carrier gas, where 
liquid Zn droplets are formed and then solidified. From surface-energy point of view, the lowest energy 
facets for Zn are (0001) and accordingly the [0001] direction has the fastest growth rate [18]. Thus Zn rod is 
formed as schematically shown in Fig. 3(a). On the other hand, the facets with higher energy grow slower, 
but have a higher oxidation rate. Therefore, the surface of synthesized hexagonal Zn nanorod is oxidized, 
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forming a Zn/ZnO core-shell structure [Fig. 3(b)]. At the same time, Zn inside will sublimate owing to the 
low melting temperature (420°C). Because of ZnO shell layer, the Zn vapor inside cannot move out which 
leads to the increase of pressure, and finally breaches the ZnO shell layer and sublimate it out. Then 
nanotubes with some broken wall are formed as shown in Fig. 3(c). In the case of nanorod synthesized on 
substrate B, Zn can be fully oxidized owing to a lower deposition rate of Zn and a faster oxidation rate at a 
higher temperature.  
Since oxygen partial pressure in the reaction system has strong effect on the morphology of ZnO 
nanostructure [19], this was applied in synthesizing ZnO nanostructures with complex morphology by tuning 
the oxygen partial pressure during reaction in our study. The flow of oxygen was set at 17 and 5 sccm for the 
first and the second 30 min of the reaction in furnace (b). Under this circumstances, ZnO nanorod with 
several nanowires on the head, namely nanoinjector, were prepared, as shown in Fig. 4(a). The diameter of 
nanorod at the bottom and nanowire at the top is about 200 and 15 nm, respectively. It is suggested that they 
were grown in the first and the second 30 min of the reaction, respectively. Dramatically decrease of oxygen 
partial pressure reduces the oxidation rate, leading to the formation of nanowire with a small diameter. 
Moreover, nanorod formed at the first stage reaction favors the nucleation of nanowire [20]. To verify the 
two-stage growth mechanism proposed for nanoinjector, we prepared another sample at the same 
experimental conditions as nanoinjector except without the second 30 min reaction process, and found that 
ZnO nanorod without nanowires on the head was formed, as in Fig. 4(b). Slight difference in the 
morphology between two kinds of nanorods is suggested to be ascribed to the slightly different experimental 
conditions which are out of our controlling ability. The as-synthesized nanoinjector can be used as efficient 
electron emitter due to its high aspect ratio of the nanowire on the top [21,22]. It may also have potential 
applications in multifunctional devices capable of communication with multiple receiver, such as 
multichannel optoelectronic device, since several nanowires are grown from one nanorod at the bottom. 
 
 
 
 
 
 
 
 
Fig. 3. Schematic diagrams of growth process of nanotube. 
 
 
 
 
 
 
 
 
 
Fig. 4. SEM images of (a) nanoinjector and (b) nanorod. 
More interestingly, ZnO nanoplate was formed and merged [Figs. 5(a) and 5(b)] when the flow of oxygen 
is increased to 25 sccm. Enlarged images of nanoplate in Fig. 5(b) show that each nanoplate before merging 
has a regular hexagonal-faceted shape.  It is not strange since ZnO has hexagonal structures. An interesting 
thing is that these hexagonal faceted nanoplates were merged by self-assembly. Since regular hexagons can 
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build up a plane as shown in Fig. 5(c), it is reasonable to expect that these hexagonal nanoplates can be 
merged more and grown into a film at improved experimental conditions. Provided that this method is 
feasible, ZnO single-crystalline thin film with high quality, which is of considerable interest [23,24], can be 
achieved, because it was reported that each ZnO nanostructure is single-crystalline with perfect crystalline 
quality [19,20]. Moreover, the smooth surface of each hexagonal nanoplate [see Fig. 5(b)] promises a rather 
smooth surface of ZnO single crystal fabricated by this method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) low- and (b) high-magnification SEM images of merged nanoplates, (c) Schematic diagram of growth process of ZnO single-
crystalline film from nanoplate. 
4. Conclusion 
ZnO nanostructures, including nanorod, nanotube, nanoinjector and nanoplate were synthesized by 
thermal chemical vapor deposition. The control on the morphology of nanostructures was realized by 
employing a temperature gradient together with the tuning of oxygen partial pressure. Moreover, merged 
ZnO nanoplates were prepared at the proper conditions, which is expected to be merged further and grown 
into the ZnO single crystalline film with high quality. 
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